N onalcoholic fatty liver disease (NAFLD) is now the most common cause of liver disease, with a prevalence of 25% globally.
(1) Nonalcoholic steatohepatitis (NASH), the more severe form of the disease, is characterized by the presence of steatosis, lobular and/or portal inflammation, hepatocyte injury (i.e., ballooning), and fibrosis. (2) The presence of liver fibrosis (LF) confers an increased risk of disease progression to cirrhosis, liver failure, and hepatocellular carcinoma, with a higher mortality. (3, 4) Fibrosis stage is the only histological feature of NASH independently linked to an increased likelihood of liver-related and all-cause (e.g., cardiovascular disease [CVD] ) mortality in recent studies. (3) (4) (5) Therefore, reducing LF is expected to improve the long-term clinical outcomes of patients with NASH. (6) Among pharmacological treatments currently undergoing evaluation, a number have reported improvement in histological features of NASH, (6) (7) (8) (9) but only obeticholic acid significantly improved fibrosis in a randomized clinical study in adults with noncirrhotic NASH. (10) Cenicriviroc (CVC) is an oral, dual antagonist of C-C motif chemokine receptor (CCR) types 2 and 5. Preclinical (11) (12) (13) (14) and clinical evidence (15) (16) (17) support its anti-inflammatory and antifibrotic properties, which are mediated by CCR types 2 and 5 (CCR2/CCR5) blockade. CVC has demonstrated antifibrotic activity in animal models of LF and renal fibrosis. (11) These findings are supported in patients by improvements in noninvasive markers of hepatic fibrosis (HF; aspartate aminotransferase-to-platelet ratio index [APRI] , fibrosis-4 , and enhanced liver fibrosis [ELF] test) observed in post-hoc analyses of a 48-week phase 2b study in human immunodeficiency virus (HIV)-infected subjects. (18, 19) Furthermore, extensive clinical experience using CVC, with over 1,000 subjects treated to date, indicates a favorable safety profile including in subjects with cirrhosis and mild-to-moderate (ChildPugh A or B) hepatic impairment. (17, 20) CVC-mediated antagonism of CCR2 is expected to reduce the recruitment, migration, and infiltration of proinflammatory monocytes and macrophages at the site of liver injury. (14, 15) CCR5 antagonism by CVC is expected to additionally impair the migration, activation, and proliferation of collagen-producing activated hepatic stellate cells/myofibroblasts. (21) We designed the phase 2 CENTAUR study to test the efficacy and safety of CVC in adults with NASH and LF; results from the year 1 primary analysis are reported here.
Materials and Methods

STUDY DESIGN
The study design, rationale, and procedures of CEN-TAUR (NCT02217475) have been reported previously. (15) This is a phase 2b, randomized, doubleblinded, placebo-controlled, and multinational study. The protocol was approved by the Institutional Review Board or Independent Ethics Committee for each center. The study is being conducted in accord with the Declaration of Helsinki and with all applicable laws/regulations of the study locations; all subjects gave written informed consent. Data were analyzed by Medpace, Inc., and the sponsor. Authors had access to the data and participated in drafting the manuscript; editorial support was funded by the sponsor and provided by independent medical writers under author guidance. All authors approved the manuscript and assume full responsibility for data accuracy and completeness.
Subjects were randomized to receive CVC 150 mg or a matched placebo once-daily. After 1 year, half of the subjects receiving placebo crossed over to CVC, based on preplanned randomization, for a second year of treatment. At baseline, eligible subjects were assigned to the treatment arms using permuted block randomization stratified by NAFLD activity score (NAS) at screening (4 or 5) and fibrosis stage (2 or >2). Subjects were randomized 2:1:1 to arm A (CVC 150 mg once-daily for 2 years), arm B (placebo for 1 year then CVC 150 mg for 1 year), or arm C (placebo for 2 years). Randomization was accomplished by interactive voice response system. Subjects, the sponsor, investigators, and all site personnel involved with dispensing study medication, carrying out study procedures, evaluating subjects, entering study data, and/or evaluating study data remain blinded to individual treatment assignment until all subjects complete the 2-year study and the database is locked for all study data. CVC and matching placebo provided by the sponsor were visually indistinguishable and the packaging identical except for a unique bottle identification number. We report herein the results at year 1 of treatment, comparing CVC to placebo.
Adult The screening and year 1 liver biopsies were read by a central pathologist, who remained blinded to individual subject treatment assignment. Screening biopsies were not reread at the time year 1 biopsies were assessed; however, biopsy sequence was not blinded, because of logistical challenges.
The study protocol instructed sites to provide and review patient education materials about NASH and LF by the National Institute of Diabetes and Digestive Kidney Diseases at the screening visit, but relied on local standard of care for implementing diet and lifestyle intervention in randomized subjects. Subjects were excluded from the study if they had bariatric surgery in the past 5 years, or planned bariatric surgery during the trial. Alcohol consumption (current drinker, former drinker, or never consumed) was recorded at baseline and at subsequent visits. Height of subjects was recorded at screening and month 12; body weight was monitored at regular intervals (screening, baseline, and at months 3, 6, and 12 during treatment period 1 [i.e., year 1]). Change in BMI was calculated for CVC and placebo recipients.
Treatment of T2DM and dyslipidemia was allowed with certain restrictions or precautions, depending on the coadministered drug and its drug-drug interaction potential with CVC. The use of frequently administered concomitant medications, including biguanides, glucoselowering drugs (excluding insulin), hydroxymethylglutaryl CoA reductase inhibitors, and angiotensin II inhibitors, were noted throughout year 1 of the study and are listed in Supporting Table S1 . Pioglitazone and high-dose vitamin E (>400 UI/day) were disallowed because of potential confounding effects on efficacy.
STUDY OUTCOMES
The primary outcome evaluated hepatic histological improvement at year 1 relative to the screening biopsy (defined by 2-point improvement in NAS with 1-point reduction in either lobular inflammation or hepatocellular ballooning) and no worsening of fibrosis stage (i.e., no progression of NASH CRN fibrosis stage). This endpoint was based on previously published phase 2b trials in NASH. (9, 10) Two key secondary outcomes were prospectively selected based on regulatory guidance and were evaluated at year 1: (1) complete resolution of steatohepatitis (SH; histopathological interpretation of fatty liver disease, or simple or isolated steatosis and no SH) and no worsening of fibrosis stage; (2) improvement in fibrosis by 1 stage (NASH CRN system) and no worsening of SH (no worsening of lobular inflammation or hepatocellular ballooning grade).
Other secondary outcomes included: change in fibrosis stage (NASH CRN and Ishak systems); change in histological scores for steatosis, lobular inflammation, and hepatocellular ballooning; change in collagen morphometry on liver biopsy; safety and tolerability of CVC; and change in liver biochemistry and fasting metabolic parameters. Inflammatory biomarkers were also assessed.
A tertiary objective of the study was to evaluate the change from baseline in liver stiffness through noninvasive methods (e.g., ultrasound transient elastography, two-dimensional magnetic resonance elastography, or acoustic radiation force impulse). Unfortunately, most sites did not have access to these methods at the time of initiation of the study; therefore, only a limited number of subjects had available data.
The Supporting Appendix provides details on CENTAUR study objectives (Supporting Table S2 ) and efficacy endpoints (Supporting Fig. S1 ).
STATISTICAL ANALYSES
To assess CVC efficacy for the primary endpoint, the original required sample size was 252 subjects, assuming a 20% response rate for placebo and a 36% response rate for CVC at year 1. The study overenrolled by 15% but, because of an anticipated dropout rate of 15%, this sample size was still expected to provide at least an 80% power to demonstrate superiority (for a two-sided type 1 error rate of 0.05) of CVC versus placebo.
The primary efficacy endpoint was analyzed using logistic regression, which included terms for treatment and the two stratification variables (i.e., baseline NAS of 4 or 5 and fibrosis stage 2 or >2). A preordered, step-down approach was used (Supporting Fig. S2 ). If statistical significance was achieved at a 5 0.05, twosided for the primary endpoint, a composite analysis on the sum of the two key secondary endpoints was to be performed with an ordinal logistic regression model. If statistical significance was achieved for the summation, a parallel, simultaneous analysis for each key secondary endpoint was to be performed. The type I error rate was controlled for the key secondary endpoints by only testing the composite analysis if the primary endpoint was positive, and only testing each secondary endpoint if the composite analysis was also positive.
Supportive analyses were planned in the modified intent-to-treat (ITT) population, consisting of all subjects in the ITT population with evaluable biopsies, and with the full analysis set, compiling all subjects with evaluable biopsies at both baseline and year 1.
A post-hoc analysis of various factors that might affect response (including baseline characteristics, demographics, laboratory tests, and histological features) was conducted without control of the type I error rate. In a logistic regression model, potential predictors were added to the model in a step-wise selection process if the P value was less than or equal to 0.30 after adjustment for all previously included factors. When all such factors were found, those with resulting P values less than or equal to 0.05 were considered nominally significant after adjustment for all other potential predictors.
Results
SUBJECTS
This phase 2b, randomized, double-blinded, placebo-controlled, multinational study was initiated in September 2014 and fully enrolled by June 2015. It is currently ongoing and will be conducted over 2 years, with the primary analysis having been performed at year 1 (cut-off date July 2016). A total of 812 subjects were screened; 610 underwent liver biopsy and 289 were randomized to treatment ( Fig. 1) . At the end of year 1, 252 subjects had available screening and year 1 biopsies. The primary efficacy analysis, reported in the ITT population, comprised all randomized subjects.
Baseline demographics and disease characteristics are presented in Table 1 . With the exception of T2DM, the treatment groups were well balanced. Overall, 51% (146 of 289) of subjects had T2DM, 95% (273 of 289) had BMI >25 kg/m 2 with 1 criteria of MetS, and 38% (111 of 289) had bridging fibrosis (NASH CRN stage 3). A total of 72% (208 of 289) of subjects met 3 criteria of MetS. The majority of subjects had NAS 5 (74% [214 of 289]) and 67% (193 of 289) had fibrosis stage 2 or 3 at screening.
PRIMARY AND KEY SECONDARY OUTCOMES
At year 1, a similar proportion of subjects receiving CVC or placebo achieved the primary endpoint of hepatic histological improvement in NAS by 2 points and no worsening of fibrosis stage (16% vs. 19%; odds ratio [OR], 0.82 [95% confidence interval fCIg, 0.44-1.52]; P 5 0.52; Fig. 2A) .
Analysis of the key secondary endpoints was conducted as prespecified and is presented for full
a The disposition of 4 subjects who withdrew early (1 for protocol deviation, 1 lost to follow-up, 1 because of physician's decision, 1 other) cannot be reported in specific treatment arm as the study is ongoing and remains blinded.
b Liver biopsy sample too small or fragmented, therefore inadequate for assessment of efficacy endpoints. c A subject was randomized in error without an adequate screening biopsy. Abbreviation: CONSORT, Consolidated Standards of Reporting Trials. 
SUBGROUP ANALYSES FOR KEY SECONDARY FIBROSIS ENDPOINT
CVC provided antifibrotic benefits in both fibrosis strata (stages 2 and >2; Figs. 2C and 3). When subjects with baseline fibrosis stages 2 and 3 were pooled, CVC benefits were significant (P < 0.05; Figs. 2D and 3) . CVC treatment benefits were consistent across prespecified subgroups; the greatest treatment benefits were in subjects with baseline NAS 5 and those with prominent hepatocellular ballooning, relative to those with baseline NAS 54 and few ballooned cells (Figs. 2E,F and 3) .
A post-hoc analysis was conducted to evaluate the effect of biopsy length (<15 or 15 mm), in the modified ITT population (Supporting Table S3 ). The majority of liver biopsies collected at baseline (78%-83%) and year 1 (79%-82%) had a length of 15 mm, a length above which sampling variability is expected to be lower. (NASH CRN system) ; (E) NAS stratification; and (F) hepatocellular ballooning grade. OR are presented with 95% CI and P values and were calculated using a logistic regression model with factors for randomized treatment group, NAS at screening (4 or 5), and fibrosis stage (2 or >2). Abbreviation: mITT, modified intent-to-treat.
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Findings from this post-hoc analysis were generally consistent with the main results, except for the smaller subset of subjects with a year 1 liver biopsy length of <15 mm, where placebo response was higher than in other placebo subgroups (22%; 6 of 27 placebo-treated subjects). In contrast, the most pronounced treatment A post-hoc analysis of predictors of response determined that the factors most strongly associated with improvement in fibrosis stage and no worsening of SH at year 1 were treatment (i.e., receiving CVC), a higher fibrosis stage at baseline, mild or no portal inflammation at baseline, and a higher baseline BMI (P < 0.050 for each, after adjustment for the other predictors). Although differences were observed in subgroups for sex, region, and presence of T2DM, these factors were not associated with response to CVC.
OTHER SECONDARY ENDPOINTS Change in Fibrosis Stage
The shift in fibrosis stage from baseline to year 1 was assessed using the NASH CRN and Ishak systems (Supporting Fig. S3 ). The proportion of subjects with a decrease in fibrosis stage was 29% for CVC and 19% for placebo using the NASH CRN system; and 35% and 22%, respectively, using the Ishak system. A total of 27 and 20 subjects in the CVC and placebo groups, respectively, improved by one NASH CRN fibrosis stage (33 and 23 subjects, respectively, improved by one Ishak fibrosis stage). Eight and 3 subjects in the CVC and placebo groups, respectively, improved by two fibrosis stages on the NASH CRN system; 10 and 4 subjects, respectively, improved by two stages on the Ishak system. Ten subjects achieved resolution of fibrosis with CVC compared to 5 subjects on placebo (both systems). Two subjects progressed to cirrhosis with CVC compared to 5 subjects on placebo (both systems).
Collagen Area by Morphometry on Liver Biopsy
Change from baseline to year 1 in collagen area by morphometry was analyzed as prespecified in the study protocol. A post-hoc analysis was then performed to evaluate the change in collagen area from baseline to year 1, according to histological response (i.e., improvement in NASH CRN or Ishak stage) in subjects with paired liver biopsies. At baseline, the mean (SD) collagen area was relatively low in both groups: ). Moreover, there was good correspondence between improvement in fibrosis stage and reduction in collagen area by morphometry; of those subjects who achieved an improvement in fibrosis stage (whether in the CVC or placebo groups), the majority (80% for CVC group, 75% for placebo) had a concordant reduction in collagen area. When assessed similarly by Ishak, 84% of CVC and 79% of placebo subjects had a concordant improvement in both fibrosis stage and collagen area.
Another post-hoc analysis was conducted using only slides with liver biopsy tissue surface of 5 mm 2 , where sampling variability is expected to be lower. In subjects with collagen morphometry of 2% at baseline, all subjects achieving at least one stage improvement in fibrosis (NASH CRN) had concordant reduction in collagen at year 1. However, there was substantial variability in changes in collagen between baseline and year 1 in subjects with <2% collagen morphometry at baseline, which represents a sizeable portion of all CENTAUR subjects (Supporting Fig. S4 ).
Improvement in NAS
Changes in histological scores at the end of year 1 for CVC versus placebo for steatosis, lobular inflammation, and hepatocellular ballooning are reported in Supporting Table S4 . No notable differences in the individual components of NAS were observed. [NFS], FIB-4, APRI, and ELF test) were modest, and similar between the CVC and the placebo groups (Table 2 and Supporting Tables S5 and S6) .
A post-hoc analysis was conducted to explore the relationship between change in fibrosis indices and improvement in liver histology. Changes from baseline to year 1 in fibrosis indices were calculated for subjects who improved in fibrosis by 1 stage at year 1 (NASH CRN) and for subjects who did not (Supporting Table S6 ). This post-hoc analysis was not powered to demonstrate a difference for treatment (CVC or placebo) and/or subgroup (histological improvement or not). In general, more favorable changes (i.e., smaller mean increases or larger mean decreases) in fibrosis indices (NFS, FIB-4, APRI, and ELF) were observed in subjects in whom fibrosis improved by 1 stage at year 1 relative to subjects in whom fibrosis did not improve. These observations were noted in subjects who received CVC and in those who received placebo.
Biomarkers of Inflammation
Marked reductions in circulating biomarkers of systemic inflammation (high-sensitivity C-reactive protein [hs-CRP], interleukin [IL]-6, fibrinogen, and IL-1ß) and of monocyte activation (sCD14) were observed with CVC (vs. placebo; Table 2 ). Reciprocal increases in chemokine (C-C motif) ligands (CCL) 2 and 4 were observed in CVC-treated subjects only, confirming potent CCR2 and CCR5 blockade, as previously described. (16, 17, 22) A post-hoc analysis was conducted to evaluate correlations between change in markers of inflammation, where pronounced treatment differences were observed (i.e., hs-CRP, IL-6, fibrinogen, IL-1ß, and sCD14), and change in markers of insulin sensitivity (i.e., hemoglobin A1c [HbA1c], homeostatic model of assessment of insulin resistance, and adipose tissue insulin resistance). The results showed limited, if any, relationship (Spearman's rank correlation of 0.20 or less for almost all comparisons; data not shown).
SAFETY AND TOLERABILITY
The safety population comprised all 288 subjects who were randomized and received at least one dose of study drug. The incidence of treatment-emergent adverse events was similar in both groups, and in general mild or moderate in severity (Supporting Table  S7 ).
Twenty-six treatment-emergent serious adverse events were reported (CVC, n 5 16; placebo, n 5 10). All serious adverse events but one (grade 2 arrhythmia; subject remained on blinded treatment) were considered not related to treatment. The incidence of treatment-emergent grade 3 or 4 laboratory abnormalities was generally similar between groups. Grade 4 uric acid elevations, which occurred in subjects with increased baseline values, and asymptomatic grade 3 amylase elevations were observed more frequently in the CVC than placebo group (7.6% vs. 4.2% and 4.2% vs. 0.7%, respectively; Supporting Table S7 ). No treatment-emergent adverse events of pancreatitis were reported in subjects with grade 3 amylase elevations.
Changes from baseline in liver biochemistry and fasting metabolic parameters are reported in Supporting Table S5 .
Discussion
NASH is highly prevalent globally and represents an unmet medical need, based on related morbidity and mortality burdens, and the lack of approved therapies. (1) CENTAUR prospectively analyzed and reported on composite clinical efficacy endpoints currently being evaluated in phase 3 NASH studies (NCT02548351, NCT02704403, and NCT030287 40; https://clinicaltrials.gov), and demonstrated a benefit on fibrosis in subjects with NASH after only 1 year of treatment. Although the primary outcome was not met, twice as many subjects on CVC than placebo achieved the clinically important key secondary outcome of improvement in fibrosis by 1 stage and no worsening of SH. Fibrosis is the only histological feature that has been independently associated with clinical outcomes in longitudinal cohorts. (3) (4) (5) CENTAUR exclusively enrolled subjects with NASH and LF; additionally, subjects were required to have active metabolic dysfunction (T2DM or MetS), a well-known risk factor for disease progression. The primary outcome was chosen based on the standard established in past phase 2 studies that assessed the efficacy of NASH therapies. (9, 10) Improvement in fibrosis by 1 stage and no worsening of SH was selected as one of the two key secondary outcomes, both because of its association with clinical outcomes and to inform the phase 3 program. Greater CVC treatment benefits were observed in subjects with higher disease activity and fibrosis stage (i.e., NAS 5, prominent hepatocellular ballooning, and moderate-to-severe fibrosis); these observations help identify which patients are most likely to benefit from CVC treatment and are aligned with known risk factors of disease progression. The majority of subjects who achieved an improvement in fibrosis stage also achieved a reduction in collagen area by morphometry, supporting findings from secondary efficacy endpoints related to improvement in fibrosis.
The safety and tolerability of NASH therapies are paramount, because the condition is typically asymptomatic and patients are often being treated for comorbidities including T2DM and CVD. In CENTAUR, the incidence of treatment-emergent adverse events and laboratory abnormalities was comparable between CVC and placebo. The most frequently reported treatment-emergent adverse events of at least moderate severity (i.e., fatigue, diarrhea, and headache) were consistent with the extensive clinical experience with CVC in past studies. (16, 17, 22) Changes in fasting metabolic parameters from baseline were relatively small and comparable between groups, indicating that CVC is not likely to worsen pre-existing metabolic disease in NASH patients.
The results of CENTAUR are potentially paradigm-shifting, given that they challenge the common assumption that the antifibrotic effects of NASH agents can only be observed by improving the underlying metabolic liver disease. Instead, the beneficial impact of CVC on fibrosis without affecting the histological features of SH at year 1 reinforces the rationale for directly targeting inflammatory and fibrotic mechanisms. The antifibrotic activity of CVC observed here is consistent with findings in several animal models of chronic liver injury. (11) Although the study did not meet the primary endpoint at year 1, it nonetheless underscores the evolving principles of clinical-trial design that increasingly look to assign endpoints that are aligned with the mechanism of action.
Based on its mechanism of action, the lack of effect of CVC on lobular inflammation was unexpected and will need to be further explored. One possible explanation may be that the impact of CVC on the composition of immune cells in the inflamed lobule, as well as the noncellular components of inflammation (i.e., chemokines and soluble mediators), cannot be fully characterized by the hematoxylin-eosin stain alone (used to grade the degree of lobular inflammation). Detailed characterization of immune cell subsets will be valuable in the future to further clarify the impact of CVC on hepatic inflammation. Although the NAS has been widely used to evaluate early treatment effects in phase 2 studies, it does not distinguish targeted effects of CVC on CCR2-expressing monocyte-derived macrophages, as demonstrated in models of liver injury. (12, 14) Specifically, activities of chemokine signaling, including intrahepatic monocyte and macrophage recruitment and fibrogenesis, occur downstream of liver-cell injury and metabolic dysregulation in the pathophysiology of NASH; therefore, they may not be reflected in the traditional histological features of the NAS, including steatosis, lobular inflammation, and hepatocellular ballooning. Therefore, further evaluation using cell-specific markers will be required to elucidate the effects of CVC on immune cells in patients.
Importantly, a broad mechanistic impact of CVC on inflammatory signaling is underscored by reductions in circulating markers of systemic inflammation (ie, hs-CRP, IL-6, fibrinogen) and sCD14 (a marker of monocyte activation), which is consistent with previous studies in subjects with HIV infection. (17, 22) In this study in subjects with NASH, a large histological data set of 252 paired biopsies was available for year 1 evaluation in the modified ITT population. All liver biopsies were read centrally by a single pathologist, thereby reducing reader variability. Limitations of our study include: differences in responses among subgroups (e.g., region, sex, and T2DM) that may reflect the multifactorial nature of the disease or be associated with the sample size of the subgroups; and the inherent variability of liver biopsy sampling, (23) which will require further investigation in subsequent studies.
Improvement in fibrosis stage has been reported in phase 2 NASH randomized clinical trials, in some studies as early as 24 weeks. (10, 24, 25) These and similar studies have also demonstrated that a small, but significant, proportion of subjects, up to approximately 20%, (8) (9) (10) will have spontaneous improvement on placebo. This improvement has often been attributed to increased clinical monitoring, motivation, and compliance to diet and lifestyle changes of subjects participating in such trials. Therefore, the observation that some placebo subjects improved in the CENTAUR study is neither unexpected nor out of line with other reported results.
In conclusion, CVC showed a significant antifibrotic benefit at year 1 and was well tolerated. Although the primary endpoint of the study was not met, the fact that the CENTAUR year 1 study results showed that CVC provided clinically meaningful benefits and resulted in twice as many subjects achieving "improvement in fibrosis by 1 stage and no worsening of SH" as compared to placebo suggests that the study did, in fact, show proof of concept, warranting phase 3 development of CVC. If this benefit is corroborated by the continued follow-up over the planned second year of treatment, and subsequent confirmatory trials, CVC will represent an important advance in the treatment of LF in patients with NASH.
